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(57) ABSTRACT

The present invention relates to a liquid additive for etching
silicon nitride and silicon oxide layers, a metal ink including
the same for forming silicon solar cell electrodes and a
method for manufacturing silicon solar cell electrodes. More
particularly, it relates to a liquid additive including metal
nitrate, metal acetate, or hydrates thereof and a metal ink for
forming silicon solar cell electrodes, mixed with the liquid
additive and a metal. Further, it relates to a method for manu-
facturing silicon solar cell electrodes comprising a one-step
non-contact printing for etching of a silicon nitride layer or
silicon oxide layer and forming electrodes.
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LIQUID ADDITIVE FOR ETCHING SILICON
NITRIDE AND SILICON OXIDE LAYERS,
METAL INK CONTAINING THE SAME, AND
METHOD OF MANUFACTURING SILICON
SOLAR CELL ELECTRODES

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims the benefit of priority to Korean
Application No. 10-2010-0062329 filed Jun. 29, 2010 and
No. 10-2011-0016196 filed Feb. 23, 2011, the contents of
which are incorporated herein by reference.

TECHNICAL FIELD

The present invention relates to a liquid additive for etching
silicon nitride and silicon oxide layers, a metal ink containing
the same for forming silicon solar cell electrodes and a
method for manufacturing silicon solar cell electrodes. More
preferably, it relates to a liquid additive containing a metal
nitrate or a metal acetate, a metal ink containing the liquid
additive, and a method for manufacturing fire-through con-
tacts of crystalline silicon solar cells by one-step non-contact
printing of the metal ink and firing the printed metal ink.

BACKGROUND

Printing is one of methods for manufacturing electrodes on
the front and back sides of a silicon solar cell. It can be divided
into a contact printing and a non-contact printing. A screen
printing, which is one of contact printings, is a method for
manufacturing electrodes by printing circuits with a metal
paste on a silicon substrate and then by heat-treating the
result. The metal paste includes glass frit for etching an anti-
reflection coating (ARC) or passivation coating film and
metal powder for forming electrodes with an n-type or p-type
silicon substrate.

The metal paste printed and heat-treated on a silicon sub-
strate etches an anti-reflection coating or passivation coating
film and reacts with the silicon substrate to form metal crys-
tallites on the surface of the silicon substrate. The metal
crystallites form ohmic contact with the p-type or n-type
silicon substrate to form electrodes of a silicon solar cell.

However, the contact printing such as screen printing may
damage or break the silicon substrate due to the pressure
applied to the silicon substrate during a printing process. Such
breakage problems become more serious as silicon solar cells
get thinner.

On the contrary, the non-contact printing can prevent such
breakage problems to a solar cell since no pressure is applied
to the silicon substrate during the printing process. The non-
contact printing includes ink-jet printing, aerosol jet printing
and the like. Since the non-contact printing is a method to
spray a printing material through a fine nozzle, liquid metal
ink having a low viscosity, unlike the screen printing, is used.
One typical metal ink is Ag ink Ag ink may be either Ag
nanoparticle ink which is manufactured by dispersing Ag
nanoparticles in a solvent or metallo-organic decomposition
(MOD) ink which is manufactured by dissolving a Ag com-
pound in an organic solvent for preventing a jam of the spray
nozzle during a printing process.

The non-contact printing offers a simple printing method
without any waste of printing materials. Thus, the non-con-
tact printing has received attention as a technology to improve
the manufacturing process and yield of'silicon solar cells with
thinner thickness in the solar cell industry.
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However, since conventional Ag inks used in the non-
contact printing cannot etch silicon nitride (SiN, or SiN_:H)
anti-reflection coating and silicon oxide (SiO,) passivation
coating films which are non-conductors, a material that can
etch anti-reflection coating or passivation coating film should
be printed before printing the Ag ink for forming the elec-
trodes. Therefore, the non-contact printing method using con-
ventional Ag inks requires two-step process including etching
the surface coating layer and forming the electrodes, which
results in inefficiency of overall manufacturing process and
high manufacturing cost.

Accordingly, it has been considered to mix nano-sized
glass powder, which can etch an insulating layer such as
silicon nitride or silicon oxide, with Ag ink to form the elec-
trodes of silicon solar cells by a one-step non-contact print-
ing. However, cost for manufacturing nano-sized glass pow-
der is high and uniform dispersion of glass powder in a metal
ink for a non-contact printing is difficult.

DISCLOSURE
Technical Problem

The inventors of the present invention complete the inven-
tion by manufacturing electrodes of a thin silicon solar cell
more effectively using a non-contact printing method.

An aspect of the invention is to provide a liquid additive for
etching a silicon nitride layer or silicon oxide layer by being
mixed in a metal ink.

Another aspect of the invention is to provide a metal ink
containing the liquid additive for a non-contact printing to
manufacture electrodes of a silicon solar cell.

Further another aspect of the invention is to provide a
method for manufacturing electrodes of a silicon solar cell by
using the metal ink for a non-contact printing.

Technical Solution

According to an aspect of the invention, there is provided a
liquid additive for etching silicon or silicic compound com-
prising: at least one of a first component chosen from the
group consisting of a metal nitrate, a metal acetate, and
hydrates thereof; and an organic solvent.

According to an embodiment, the liquid additive may fur-
ther comprise at least one of a second component chosen from
another metal nitrate, another metal acetate, and hydrates
thereof, in which the metal is different from that of the first
component.

According to an embodiment, the silicic compound may be
chosen from the group consisting of silicon nitride (SiN, ) and
silicon oxide (SiO,).

According to an embodiment, the first component may be
chosen from the group consisting of lead nitrate, lead acetate,
and hydrates thereof.

According to an embodiment, the first component may be
lead nitrate.

According to an embodiment, the second component may
be chosen from the group consisting of zinc nitrate, zinc
acetate, and hydrates thereof.

According to an embodiment, the second component may
be zinc nitrate hexahydrate.

According to an embodiment, the organic solvent may be
chosen from the group consisting of alcohol, polyhydric alco-
hol, ether, and glycol ether.

According to an embodiment, the organic solvent may be
polyhydric alcohol.



US 9,249,319 B2

3

According to an embodiment, the polyhydric alcohol may
be ethylene glycol.

According to another aspect of the invention, there is pro-
vided a non-contact printing metal ink for manufacturing
silicon solar cell electrodes, the metal ink comprising: the
liquid additive above described; and a metal for forming
electrodes.

According to an embodiment, a mass ratio between (Pb+
Zn) of the liquid additive and the metal for forming electrodes
may be from 5:95 to 1:99.

According to an embodiment, the metal may be silver or
nickel.

According to an embodiment, the metal may have a diam-
eter of 200 nm to 5 nm.

According to an embodiment, the metal may be a metal
compound dissolved in a solvent.

According to an embodiment, the metal compound may be
silver nitrate or nickel nitrate.

According to another aspect of the invention, there is pro-
vided a method for manufacturing silicon solar cell electrodes
comprising; preparing the liquid additive above described;
manufacturing a metal ink by mixing the liquid additive with
a metal; printing the metal ink on the silicic compound layer
of the front or back side of a solar cell by a non-contact
printing method; and firing the printed metal ink at 700° C. to
850° C.

According to an embodiment, the method may further
comprise drying the printed or coated metal ink at 120° C. to
350° C. to evaporate an organic solvent.

According to an embodiment, the silicic compound may be
chosen from silicon nitride (SiN,) and silicon oxide (Si0O,).

According to an embodiment, the method may further
comprise increasing the aspect ratio of the manufactured
electrode lines of silicon solar cells by plating a metal.

According to an embodiment, the plating may be light-
induced plating (LIP).

Advantageous Effect

According to the present invention, there is provided a
liquid additive which is able to etch silicon nitride or silicon
oxide through firing at a temperature of 800° C. or less. A
non-contact printable metal ink for manufacturing silicon
solar cell electrodes may be manufactured by mixing the
liquid additive with a metal nanoparticle ink. The metal ink
may then printed on the surface of a silicon solar cell by a
non-contact printing method and fired to form silicon solar
cell electrodes through etching the silicon nitride or silicon
oxide layer present on the surface of the silicon solar cell.

According to the present invention, both the etching of a
silicon nitride or silicon oxide layer and the formation of an
electrode can be carried out at the same time by employing a
one-step non-contact printing and then firing. The present
invention is particularly beneficial for the fabrication of thin
silicon solar cells with thicknesses of 130 pum or less to which
the application of a contact printing method including the
screen printing is difficult. Therefore, according to the present
invention, the process for manufacturing electrodes of thin
silicon solar cells may be simplified.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 illustrates scanning electron microscope (SEM)
images of the cross-sections of samples processed for drying
and firing after each of (a) Ag nanoparticle ink and (b) a liquid
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additive of the present invention is ink-jet printed on a (100)
silicon wafer coated with a 80-nm-thick silicon nitride (SiN,:
H).

FIG. 2 illustrates X-ray diffraction (XRD) patterns
obtained from the surfaces of the samples that are processed
for drying and firing after a liquid additive of the present
invention is ink-jet printed on each of an alumina (Al,O;)
substrate and a (100) silicon wafer coated with a 80-nm-thick
silicon nitride (SiN,:H).

FIG. 3 illustrates scanning electron microscope (SEM)
images of' the cross-sections of the samples that are processed
for drying and firing after each of the Ag nanoparticle inks
mixed with various proportions of liquid additives of the
present invention is ink-jet printed on a (100) silicon wafer
coated with a 80-nm-thick silicon nitride (SiN,:H).

DETAILED DESCRIPTION

The present invention will be described in detail hereinaf-
ter.

According to an embodiment of the invention, it may pro-
vide a liquid additive for etching silicon or silicic compound
comprising: at least one of a first component selected from the
group consisting of metal nitrate, metal acetate, and hydrates
thereof; and an organic solvent.

According to an embodiment, it may further comprise at
least one of a second component selected from the group
consisting of another metal nitrate, another metal acetate, and
hydrates thereof of which the metal is different from that of
the first component.

The following Table 1 shows a composition of the liquid
additive for etching a silicon or silicic compound of the
present invention.

According to an embodiment, the silicic compound may be
chosen from silicon nitride (SiN,) and silicon oxide (SiO,)
and the liquid additive may etch silicon nitride (SiN, and
SiN,:H) anti-reflection layers and silicon oxide (SiO,) passi-
vation layers of a solar cell by non-contact printing.

Referring to FIG. 1, etching effect of the liquid additive of
the present invention to the silicon nitride layer may be noted.

FIG. 1(a) is a SEM image illustrating a silicon substrate
coated with a silicon nitride layer on which a commercially
available Ag nanoparticle ink (DGP-45HTG, ANP Co.) is
printed and FIG. 1(b) is a SEM image illustrating a silicon
substrate coated with a silicon nitride layer on which a liquid
additive (Example 2) of the present invention is printed.

The silicon substrates of FIG. 1(a) and FIG. 1(b) are deter-
mined after processing the same drying and firing conditions.

As shown in FIG. 1(a) where the commercially available
Ag ink is printed and fired, it is noted that the silicon nitride
layer coated on the silicon substrate keeps its smoothness and
is not etched.

On the other hand, it is noted that the surface of the silicon
substrate, which was initially flat, is corrupted afterwards as
shown in FIG. 1(4). It means that the liquid additive has
etched the silicon nitride layer through the firing process.

In addition, significant amount of silicon is detected
according to EDX (energy dispersive X-ray spectrometry)
analysis of oxide residues present on the silicon substrate of
FIG. 1(b). Even though the liquid additive of the present
invention does not contain silicon at all, significant amount of
silicon is detected after the liquid additive is coated and fired
on the silicon substrate. That supports that the liquid additive
reacts chemically with the silicon nitride or the silicon com-
ponent of the silicon substrate.

As shown in FIG. 1(b), it is also verified the presence of
pure lead particles and Zn-rich oxides in the oxide residue.
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According to an embodiment, the first component may be
chosen from the group consisting of lead nitrate, lead acetate,
and hydrates thereof.

According to an embodiment, the first component may be
lead nitrate.

Referring to Table 1, when the first component is not
added, etching of a silicic compound does not occur. That is,
the liquid additive of the present invention comprises the first
component as an essential component.

According to an embodiment, the second component may
be chosen from the group consisting of zinc nitrate, zinc
acetate, and hydrates thereof.

According to an embodiment, the second component may
be zinc nitrate hexahydrate.

The zinc compound is not an essential component.

When the liquid additive of the present invention is printed
or coated on a silicon nitride or silicon oxide layer, glass
phase may be formed during the firing process.

However, when the zinc compound is added along with the
lead compound, it promotes the formation of glass phase in
molten state during the firing process and benefits the forma-
tion of electrodes of a silicon solar cell.

Referring to Table 1, the ratio between Pb and Zn may be
from 100:0 to 10:90, preferably 91:9 to 54:46.

FIG. 2 illustrates X-ray diffraction (XRD) patterns of the
surfaces of samples processed for drying and firing after a
liquid additive of Example 2 is ink-jet printed on each of an
alumina (Al,0O;) substrate and a silicon substrate which is
coated to a thickness of 80 nm with silicon nitride (SiN,:H).

Referring to FIG. 2, when the liquid additive is fired on the
alumina substrate, residues are composed of lead oxide (PbO,
JCPDS 05-0570) and zinc oxide (ZnO, JCPDS 36-1451)
which is resulted from the nitrate contained in the initial
liquid additive. In this case, a glass phase is not formed.

However, when the liquid additive is fired on the silicon
substrate coated with a silicon nitride, it is noted that residues
are a mixture of glass and crystalline phases. Such result is
also shown in FIG. 1(5).

Peaks of the crystalline phases represent PbZnSiO,
(JCPDS 20-0607) and Pb(JCPDS 04-0686) and this is con-
sistent with the result of FIG. 1(b). Thus, it is noted that a
molten glass phase is formed after the nitrate of the liquid
additive is thermally decomposed into the corresponding
oxide and reacted with silicon nitride and silicon substrate
during the firing process. Lead particles present in the glass
may be likely generated by a redox reaction between lead
oxide generated during the firing process and the silicon
nitride layer or the silicon substrate.

According to an embodiment, the organic solvent may be
chosen from the group consisting of alcohol, polyhydric alco-
hol, ether, and glycol ether.

According to an embodiment, the organic solvent may be
polyhydric alcohol.

The polyhydric alcohol is an alcohol having 2 or more of
hydroxyl groups (—OH) in the molecular. It is divided into
secondary alcohol (glycol, HOCH,CH,OH), tertiary alcohol
(glycerol, HOCH,CH(OH)CH,OH) and the like according to
the number of hydroxyl group. It can be well mixed with
water and form ester, ether etc., like primary alcohol. Itis also
widely used as a solvent.

According to an embodiment, the polyhydric alcohol may
be ethylene glycol.

According to another aspect of the present invention, it
provides a non-contact printing metal ink for manufacturing
silicon solar cell electrodes, comprising: the liquid additive of
the present invention; and a metal for forming electrodes.

The liquid additive of the present invention, after mixing
with a metal ink, is printed on a silicon solar cell substrate and
fired to form electrodes. The results are shown in the follow-
ing Tables 2, 3, 5 and 6.
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The formation of electrodes means that the silicon nitride
orsilicon oxide layer is etched, and the bulk Ag and the silicon
substrate are electrically connected by the formation of Ag
crystallites on the silicon substrate surface. Therefore, it is
important for the ohmic contact formation that a metal com-
ponent contained in the printable ink reacts with Si to form
metal crystallites on the silicon substrate surface.

It is generally known that glass frit contained in a paste for
screen printing etches a silicon nitride layer during the firing
process in manufacturing electrodes of a silicon solar cell.

According to a mechanism for forming electrodes of a
silicon solar cell by using the screen printing, it is known that
the glass frit is an essential in the formation of Ag crystallites
since it melts during the firing process and Ag ions (Ag")
function as a medium to diffuse into the surface of the silicon
substrate.

In FIG. 3, it can be seen that a liquid additive of the present
invention, which is mixed in Ag ink for a non-contact print-
ing, performs a similar role to the glass frit included in Ag
paste during the firing process.

FIG. 3 illustrates scanning electron microscope (SEM)
images of samples processed for drying and firing under the
condition in Example 56 of Table 6 after each of Ag nanopar-
ticle inks manufactured according to Example 16 to Example
20 of Table 2, respectively, is printed on a n-type (100) Si
wafer which is coated to a thickness of 80 nm with silicon
nitride (SiN,:H).

Referring to FIG. 3, the silicon nitride layer is etched
(fire-through) and Ag crystallites are formed on the surface of
the silicon substrate during the firing process regardless
changes in mass ratio of Ag:(Pb+Zn) from 95:5 to 99:1. Here,
each mass ratio of Ag:(Pb+Zn) is (a) 95:5, (b) 96:4, (c) 97:3,
(d) 98:2 and (e) 99:1.

It is also noted that a glass layer in which Ag particles are
dispersed is present between the silicon substrate, on which
Ag crystallites are formed, and the fired bulk Ag.

According to the EDS analysis, the glass layer is composed
of oxides of lead, silicon and zinc. A cross-sectional micro-
structure including the glass phase is similar to the cross-
sectional microstructure of silicon solar cell electrodes manu-
factured by the screen printing of Ag paste.

According to an embodiment, the mass ratio of (Pb+Zn) of
the liquid additive and the metal for forming electrodes may
be in the range of 5:95 to 1:99.

Referring to FIG. 3, a thickness of the glass layer decreases
as amount of the liquid additive included in Ag ink for form-
ing silicon solar cell electrodes is reduced. It is apparent that
a thickness of the glass layer present between the silicon
substrate and the bulk Ag be thinner to form quality ohmic
electrodes (or ohmic contact) having low contact resistance.

According to embodiment of the present invention, even
though a mass ratio of Ag:(Pb+Zn) is 99:1 of which (Pb+Zn)
mass is small amount based to Ag particle mass, the silicon
nitride layer is etched and the Ag crystallites are formed on
the silicon substrate through firing.

According to an embodiment, the metal may be silver or
nickel.

According to an embodiment, a diameter of the metal may
be 200 nm to 5 nm.

The present invention provides a printable metal ink, pref-
erably non-contact ink-jet printable metal ink. When a diam-
eter of the metal particle in the metal ink is larger than 200 nm,
it is difficult to form fine wiring patterns, a nozzle can be
blocked and quality of ink can be deteriorated due to poor
dispersion of the metal particles. When a diameter is less than
5 nm, a nozzle can be also blocked because flowability of the
metal ink becomes lower and quality of ink can be also
deteriorated because surface characteristics of the metal par-
ticles are changed.
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According to an embodiment, the metal may be a metal
compound dissolved in a solvent.

According to an embodiment, the metal compound may be
silver nitrate or nickel nitrate.

The metal compound of the present invention may be well
dissolved in an organic solvent since a liquid additive of the
present invention is suitable for the non-contact printing. The
nickel nitrate is well dissolved in an organic solvent and
usable for forming electrodes of a solar cell. The nickel nitrate
is usually present in the hydrated salt so that it includes the
chemical compound Ni(NO,), or any hydrate thereof.

According to another aspect of the present invention, it
provides a method for manufacturing silicon solar cell elec-
trodes comprising; preparing the liquid additive described
above; manufacturing a metal ink by mixing the liquid addi-
tive with a metal; printing the metal ink on the silicic com-
pound layer of the front or back side of a solar cell by a
non-contact printing method; and firing the metal ink at 700°
C. 10 850° C., more preferably 700° C. to 835° C.

According to an embodiment, the method may further
comprise drying the printed metal ink at 120° C. to 350° C.

It is known that the thermal decomposition temperatures of
lead nitrate, lead acetate and zinc nitrate hexahydrate dis-
solved in the liquid additive of the present invention is 455°
C., 180° C. and 145° C., respectively. As for the firing con-
ditions shown in Table 6, it is expected that the lead nitrate
thermally decomposes to PbO, NO, and O, and the decom-
posed PbO further reacts with silicon nitride and silicon to
form molten PbO—SiO, glass layer during the firing process.
Such facts are found in cross-section SEM images of FIG.
1(b) and FIG. 3.

The eutectic temperature of the binary PbO—SiO, system
is about 700° C. and that of the binary Ag—Si system is 835°
C. When the liquid additive of the present invention is used,
the silicon nitride layer may be etched at a temperature
between 700° C. and 800° C. which is lower than the eutectic
temperature of the Ag—Si system and ohmic contacts may be
formed between the silicon substrate and the bulk Ag.

Therefore, use of the liquid additive of the present inven-
tion may allow manufacturing electrodes of a thin silicon
solar cell, which can be difficult to apply a contact printing, by
a single-step non-contact printing and firing process.
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According to an embodiment, the silicic compound may be
chosen from the group consisting of silicon nitride (SiN, ) and
silicon oxide (SiO,).

According to an embodiment, the method may further
comprise increasing the aspect ratio of the manufactured
electrode lines of silicon solar cells by plating metals.

According to an embodiment, the plating may be light-
induced plating.

The aspect ratio may be increased by 10 times to 40 times
through the plating process. That is, when the metal ink is
printed by the non-contact printing and fired, bulk Ag having
a thickness of 1 pm to 2 pm can be formed and then the
thickness thereof can be increased to 40 pm through the
plating process.

Hereinafter, although more detailed descriptions will be
given by Examples, those are only for explanation and there is
no intention to limit the invention.

EXAMPLE

Manufacturing a Liquid Additive for Etching a
Silicic Compound

Various liquid additives for etching a silicic compound
were manufactured by mixing a first component and a second
component in various ratios as shown in Table 1 and then
dissolving the mixture in an organic solvent at room tempera-
ture.

When ethylene glycol was used as an organic solvent, lead
nitrate (Pb(NO,),) or lead acetate (Pb(C,H,0,),) of the first
component and zinc nitrate hexahydrate (Zn(NO,),6H,0) of
the second component were dissolved easily at room tem-
perature. When triethylene glycol monoethyl ether (TGME)
was used as an organic solvent, lead nitrate (Pb(NO,),) of the
first component and zinc nitrate hexahydrate (Zn(NO,),
6H,0) of the second component were dissolved easily at
room temperature. As shown in Table 1, a ratio of the lead
compound of the first component and the zinc compound of
the second component dissolved in 2 ml of the organic solvent
was controlled based on a mass ratio of lead (Pb) in the first
component and zinc (Zn) in the second component to be from
100:0 to 0:100. Amount of each component is represented in
Table 1.

TABLE 1
Etching of
a silicon
Pb:Zn the first the second nitride and
(mass component component organic solvent  silicon
Example  ratio) (g) (g) (ml) oxide
1 100:0  lead 0.15 zinc nitrate 0 ethylene 2 o
2 91:9  nitrate 0.14 hexahydrate 0.04 glycol o
3 73:27 0.11 0.11 o
4 54:46 0.07 0.19 o
5 33:67 0.04 0.27 o
6 11:89 0.02 0.34 o
7 0:100 0 0.38 X
8 91:9 lead 0.19 zinc nitrate 0.04 ethylene 2 o
acetate hexahydrate glycol
9 100:0  lead 0.15 zinc nitrate 0 triethylene 2 o
10 91:9  nitrate 0.14 hexahydrate  0.038 glycol o
11 73:27 0.11 0.11 monoethyl o
12 54:46 0.07 0.19 ether o
13 33:67 0.05 0.27 (TGME) o
14 11:89 0.02 0.34 o
15 0:100 0 0.38 X
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Each of various liquid additives manufactured in Examples
of Table 1 was ink-jet printed on a single crystalline silicon
substrate which was coated to a thickness of about 80 nm with
silicon nitride (SiN,:H) or silicon oxide (Si0O,), dried in an
oven at 150° C. for 5 min under air ambient, fired at a peak
temperature of 800° C. for 1 min using RTA (rapid thermal
annealing) furnace and then cooled. The cooled samples were
polished and determined if the silicic compound layer was
etched or not through the SEM analysis.

As shown in Table 1, it is noted that the silicon nitride layer
or silicon oxide layer coated on the silicon substrate was not
etched when the liquid additive did not contain a lead com-
pound. It means that the liquid additive should include the
lead compound to etch the silicic compound layer at a tem-
perature of 800° C. or less.

It is not necessary to include a zinc compound in the liquid
additive. However, it is preferable that the liquid additive
contain the zinc compound to be a mass ratio of Pb:Zn, 91:9
to 54:46 since it promotes the formation of the molten glass
layer and thus further benefits the formation of electrodes of
a silicon solar cell.

Manufacturing a Non-Contact Printable Ag Ink for the
Formation of Silicon Solar Cell Electrodes

Each of various liquid additives manufactured in Example
1 to Example 15 of Table 1 was mixed with commercially
available Ag nanoparticle ink (DGP-45HTG, ANP CO.) at
room temperature to manufacture Ag nanoparticle ink for
non-contact printing for forming electrodes of a silicon solar
cell as in Table 2 and Table 3. The commercially available Ag
nanoparticle ink was an ink where Ag nanoparticles having an
average diameter of 40 nm were dispersed in TGME solvent
and Ag content was 32.21 wt. %.

The liquid additive of Example 2 in Table 1 was mixed
variously with the commercially available Ag nanoparticle
ink to be a mass ratio between (Pb+7n) and Ag nanoparticles
of 5:95to 1:99.

Then, the mixture was fired and determined if an electrode
was formed or not. The results are summarized in Table 2.

TABLE 2
Ag Formation
Ag:(Pb+Zn) nanoparticle liquid of

Example (mass ratio) ink (ml) additive (ml) electrode
16 99:1 0.5 Example 2 0.05 o
17 98:2 0.5 Example 2 0.10 o
18 97:3 0.5 Example2 0.15 o
19 96:4 0.5 Example 2 0.20 o
20 95:5 0.5 Example2 0.25 o

Each ofliquid additives of Example 1 and Examples 3 to 15
of Table 1 was mixed with commercially available Ag nano-
particle ink at room temperature to keep Ag:(Pb+Zn) mass
ratio to be 95:5 to 96:4 during the firing process. Then, the
mixture was fired and determined if an electrode was formed
or not. The results are summarized in Table 3.

TABLE 3

Ag:(Pb + Ag Formation
Zn) nanoparticle liquid of

Example (mass ratio) ink (ml) additive (ml) electrode
21 95:5 0.5 Example 1 0.25 o
22 96:4 0.5 Example 3 0.25 o
23 96:4 0.5 Example 4 0.25 o
24 96:4 0.5 Example 5 0.25 o
25 96:4 0.5 Example 6 0.25 o
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TABLE 3-continued
Ag:(Pb + Ag Formation
Zn) nanoparticle liquid of
Example  (mass ratio) ink (ml) additive (ml) electrode
26 96:4 0.5 Example 7 0.25 X
27 95:5 0.5 Example 8 0.25 o
28 95:5 0.5 Example 9 0.25 o
29 95:5 0.5 Example 10 0.25 o
30 95:5 0.5 Example 11 0.25 o
31 96:4 0.5 Example 12 0.25 o
32 96:4 0.5 Example 13 0.25 o
33 96:4 0.5 Example 14  0.25 o
34 96:4 0.5 Example 15 0.25 X

As shown in Tables 2 and 3, it was noted that the electrode
was formed for all Examples, except Example 26 and
Example 34 in which the liquid additive did not includes lead
nitrate.

It was also noted that the Ag nanoparticle ink including the
liquid additive of the present invention for forming silicon
solar cell electrodes had excellent stability since there was no
decomposition, separation or precipitation of components
during it was stored at room temperature.

In addition, Ag compound ink for forming silicon solar cell
electrodes, instead of Ag nanoparticle ink, was manufactured
by mixing a liquid additive with Ag compound ink.

The Ag compound ink was manufactured by dissolving Ag
compound which is composed of Ag-organic compound or
Ag-inorganic compound in an organic solvent, and it is liquid.
When Ag-organic compound among Ag compound inks is
dissolved in an organic solvent, a liquid Ag ink is called as Ag
MOD ink.

Examples of the Ag compound used in Ag compound inks
may include silver hexafluoroacetylacetonate 1,5-cycloocta-
diene (C,;H,,AgF0,), silver neodecanoate (C,,H,,Ag0,),
silver nitrate (AgNO,) and silver chloride (AgCl), etc.

Since Ag compound ink is in a liquid form, it is printable by
non-contact printing such as ink-jet printing and the Ag com-
pound can be thermally decomposed to leave Ag to form
electrodes during the drying and firing process.

Only when the Ag compound ink mixed with a liquid
additive of the present invention and the mixture is used for
manufacturing a silicon solar cell, the silicon nitride layer or
silicon oxide layer is etched and electrodes are formed.

Various Ag compound inks for forming silicon solar cell
electrodes were manufactured by dissolving silver nitrate
(AgNO;) in ethylene glycol at room temperature as shown in
Table 4 and then mixing the mixture with each of liquid
additives of Example 1 to Example 15 of Table 1 at room
temperature.

The manufactured Ag compound ink was printed on a
silicon substrate coated with silicon nitride and fired by
employing the same process described above. It was then
determined if electrodes were formed or not. The results are

summarized in Table 5.
TABLE 4
Example Ag compound (g) organic solvent (ml)
35 AgNO; 0.39 ethylene glycol 1
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TABLE 5
Forma-

Ex- tion of
am-  Ag:(Pb + Zn) Ag compound liquid additive elec-
ple (mass ratio) ink (ml) (ml) trode
36 95:5 Example 35 1 Example 1 0.25 o
37 95:5 Example 35 1 Example 3 0.25 o
38 96:4 Example 35 1 Example 4 0.25 o
39 96:4 Example 35 1 Example 5 0.25 o
40 96:4 Example 35 1 Example 6 0.25 o
41 96:4 Example 35 1 Example 7 0.25 X
42 95:5 Example 35 1 Example 8 0.25 o
43 95:5 Example 35 1 Example 9 0.25 o
44 95:5 Example 35 1 Example 10 0.25 o
45 95:5 Example 35 1 Example 11 0.25 o
46 96:4 Example 35 1 Example 12 0.25 o
47 96:4 Example 35 1 Example 13 0.25 o
48 96:4 Example 35 1 Example 14 0.25 o
49 96:4 Example 35 1 Example 15 0.25 X

As shown in Table 5, it was noted that the electrode was
formed for all Examples, except Example 41 and Example 49
in which the liquid additive did not include lead nitrate.

Manufacturing Silicon Solar Cell Electrodes Under Vari-
ous Firing Conditions

Each of Ag nanoparticle inks and Ag compound inks for
forming silicon solar cell electrodes manufactured according
to Examples in Tables 2, 3 and 5 was ink-jet printed on a
n-type (100) Si wafer which was coated to a thickness of 80
nm with silicon nitride (SiN,:H). The printer used for the
ink-jet printing was a self-made electro-hydrodynamic
printer and the printed line width was about 1 mm.

The ink-jet printed samples were dried under air ambient in
an oven (VO-10X, JEIO Tech) at 150° C. for 5 min and fired
in a RTA furnace (Korea Vacuum Tech L'TD.) at a peak tem-
perature of 650° C. to 800° C. for 1 sec to 60 sec after heating
in a rate of 30° C./sec and then cooled. The firing conditions
are summarized in Table 6.

TABLE 6
peak
temperature  peak temperature firing Formation of
Example (°C) remaining time (sec) condition electrode
50 650 1 air X
51 700 1 air o
52 750 1 air o
53 800 1 air o
54 800 10 air o
55 800 30 air o
56 800 60 air o

Samples processed for the firing were mounted with epoxy
resin and mirror-polished to reveal the cross-sectional micro-
structure. The microstructure of the reacted region was
observed using SEM at back-scattered electron image (BEI)
mode and the composition was analyzed using energy disper-
sive X-ray spectrometry (EDS).

FIG. 3 illustrates scanning electron microscope (SEM)
images of the cross-sections of samples processed for drying
and firing under the condition in Example 56 of Table 6 after
each of Ag nanoparticle inks for forming silicon solar cell
electrodes, manufactured according to Examples 16 to 20 of
Table 2, was printed on a n-type (100) Si wafer which was
coated to a thickness of 80 nm with silicon nitride (SiN,:H).

Referring to FIG. 3, the silicon nitride layer was etched and
Ag crystallites were formed on the surface of the silicon
substrate during the firing process regardless of the changes in
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mass ratio of Ag:(Pb+Zn) from 95:5 to 99:1. The mass ratios
of Agto (Pb+Zn)were (a) 95:5, (b) 96:4, (c) 97:3,(d) 98:2and
(e) 99:1 in FIG. 3.

It was also noted that a glass layer where Ag particles were
dispersed was present between the silicon substrate, on which
Ag crystallites were formed, and the sintered bulk Ag.

According to the EDS analysis, it was noted that the glass
layer was composed of oxides of lead, silicon and zinc. A
cross-sectional microstructure thereof was similar to the
cross-sectional microstructure of silicon solar cell electrodes
manufactured by the screen printing of Ag paste.

It was also noted that when Ag inks for forming silicon
solar cell electrodes manufactured by Examples in Table 3
and Table 5, except Example 26, Example 34, Example 41,
and Example 49, were printed on the silicon nitride-coated
silicon substrate, dried and fired under various conditions
including firing at a peak temperature of 700° C. or higher in
Examples 51 to 56, their microstructures were similar to those
in FIG. 3.

Itis understood that when the liquid additive of the present
invention and an Ag ink for forming silicon solar cell elec-
trodes comprising the same are used, molten glass layer is
very well formed during the firing process.

Accordingly, there is provided a liquid additive suitable for
the non-contact printing and able to etch silicon nitrides and
silicon oxides. Such liquid additive forms a glass layer during
the firing process and functions as a medium to form metal
crystallites and as a physical supporter by increasing adhe-
sion between the silicon substrate and the bulk metal after
firing. When such liquid additive of the present invention is
used, it allows precipitating metal particles which are finely
dispersed within the thin glass layer formed between the bulk
metal and the emitter silicon. In addition, when such liquid
additive of the present invention is used, it allows a one-step
process of etching at a temperature lower than the eutectic
temperature of a metal-silicon binary alloy and forming sili-
con solar cell electrodes.

While it has been described with reference to particular
embodiments, it is to be appreciated that various changes and
modifications may be made by those skilled in the art without
departing from the spirit and scope of the embodiment herein,
as defined by the appended claims and their equivalents.

What is claimed is:

1. A liquid additive for a non-contact printing metal ink for
manufacturing fire-through metal contacts for crystalline sili-
con solar cell electrodes comprising:

a first component selected from a lead nitrate and hydrates

thereof;

a second component selected from a metal nitrate and

hydrates thereof; and

an organic solvent;

wherein the organic solvent is at least one selected from
the group consisting of polyhydric alcohol, ether, and
glycol ether.

2. The liquid additive of claim 1, wherein the second com-
ponent is at least one of a zinc nitrate and hydrates thereof.

3. The liquid additive of claim 1, wherein the second com-
ponent is zinc nitrate hexahydrate.

4. The liquid additive of claim 1, wherein the polyhydric
alcohol is ethylene glycol.

5. A non-contact printing metal ink for manufacturing sili-
con solar cell electrode, the metal ink comprising:

the liquid additive according to any one of claim 1, 2, 3, or

4; and
a metal for forming electrodes.
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6. The metal ink of claim 5, wherein a mass ratio between
(Pb+Zn) of the liquid additive and the metal for forming
electrodes is in the range of 5:95 to 1:99.

7. The metal ink of claim 5, wherein the metal is silver or
nickel.

8. The metal ink of claim 5, wherein the metal is metal
particles having 200 nm to 5 nm of diameter.

9. The metal ink of claim 5, wherein the metal is a metal
compound dissolved in a solvent.

10. The metal ink of claim 9, wherein the metal compound
is silver nitrate or nickel nitrate.

11. A method for manufacturing silicon solar cell elec-
trodes comprising;

preparing the liquid additive according to any one of claim

1,2,30r4;

manufacturing a metal ink by mixing the liquid additive

with a metal;

printing the metal ink on a silicic compound layer of the

front or back side of a solar cell by a non-contact printing
method; and

firing the metal ink at 700° C. to 850° C.

12. The method of claim 11, further comprising drying
process of the printed metal ink at 120° C. to 350° C.

13. The method of claim 11, wherein the silicic compound
is at least one selected from the group consisting of silicon
nitride (SiN,) and silicon oxide (SiO,).

14. The method of claim 11, further comprising increasing
the aspect ratio of the manufactured electrode lines of silicon
solar cells by plating a metal.

15. The method of claim 14, wherein the plating is light-
induced plating.
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